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Abstract

Using Cold target recoil Ion momentum spectroscopy (COLTRIMS) we have

investigated the production of one free electron in slow He2þ þHeð1s2Þ

collisions. Kinematically complete data have been measured for all possible

final states of the second electron, which is either still bound at the target or

transferred to the projectile. The result will be discussed within the molecular

orbital approach. Strong correlation between the bound electron final state and

the electron emission pattern has been observed. This shows that the

description of the electron emission from multi electron systems by a single

active electron approach is not sufficient.

1. Introduction

Impressive theoretical progress was made in the treatment
of electron transfer reaction in slow collisions. One example
is the successful prediction of the population of even highly
excited states in He2þ–He collisions by the semiclassical
close-coupling method [1]. Within the semiclassical
approach a theoretical description of such a collision
process has to answer the question, of how the two-electron
wave function develops in the time dependent two-center
coulomb potential, given by the motion of the nuclei. This
electronic wave function is in the molecular orbital
approach represented in a basis of molecular Eigenstates,
which is continuously adapted to the changing inter nuclear
axis. Within this approach satisfactory results for the
resonant double electron capture ðHe2þ þHeð1s2Þ
! Heð1s2Þ þHe2þÞ can be achieved by using only three
molecular basis states [2]. Since the single electron capture is
related to the population of other molecular states, these
have to be included into the basis, but also those calculation
are feasible since the late seventies [3]. In the more recent
work of Gao et al. [4] a fully quantum-mechanical
molecular-orbital treatment using the Born–Oppenheimer
approximation was used to achieve agreement between
theoretical and experimental results for the single differ-
ential cross section, also at very small scattering angles.
In spite of the success of the close coupling method in

describing reactions where all electrons end up in bound
states, electron emission to the continuum in slow collisions
was not sufficiently considered so far. This is in contrast to
the importance of this reaction channel. The total cross
sections for the transfer ionization (TI)

He2þ þHe ! Heþ þ e� þHe2þ ð1Þ

and the single ionization (SI)

He2þ þHe ! He2þ þ e� þHeþ ð2Þ

processes were experimentally found to be in the range of
10�17 cm2 [5,6] at vp ¼ 1 a.u. projectile velocity (25 keV/u).
This is only a factor of 0.4 smaller than the total cross
section for single capture to the ground state (SC1:
He2þ þHe ! Heþð1sÞ þHeþð1sÞ).

In slow collisions the production of free electrons can
not in contrast to electrons transfer be treated perturba-
tively and the time dependence of the ionization has to take
into account. In classical-trajectory-Monte Carlo (CTMC)
calculations [7] for pþH collisions, Olson et al. found
electrons emitted in the forward direction with nearly half
of the projectile velocity. Olson et al. assumed that these
electrons are left stranded equidistantly between the projec-
tile and target nuclei by the balance of the attractive
Coulomb forces of both ions [8]. The velocity of the saddle
point (SP) of the two center coulomb potential of the nuclei
depends on the charge of the projectile and the target
nucleus, respectively. In the late 1980’s several measure-
ments at collision energies between 50 and 100 keV/u were
done at Rolla [9,10] and Bariloche [11,12] in searches for
the SP mechanism. These experiments, using dispersive
electron spectrometers, yielded conflicting results. Only the
Rolla group claimed evidence of the SP mechanism from
their data.

Within the semi classical molecular orbital approach, the
Hidden-crossing [13] model can be used to evaluate the
probability of electron emission in slow pþH collisions. It
describes the promotion to the continuum as an infinite
series of transitions between Hþ

2 Eigenstates at continu-
ously increasing internuclear distances. The spatial expan-
sion of the collision system causes excitation of the Hþ

2

quasi molecule by radial coupling between states of the
same molecular symmetry. The representation of the
electron wave function by adiabatic states does represent
the expansion of the system at coordinate space but does
not consider the associated spread of the electron
momentum distribution correctly. Therefore the final
state electron momentum distribution can not be described.
Nevertheless the angular distribution of the electrons at the
plane perpendicular to the beam direction, which also is the
final state inter nuclear axis, is defined by the symmetry of
the molecular states, involved in the hidden crossing
promotion.

The first experiment, where the electron momentum
pattern was imaged in respect to the nuclear scattering
plane was performed by Dörner et al. [14]. They
discovered a two-finger structure in momentum space
with a node on the saddle, which has been interpreted as a
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strong � state contribution for the SI is pþHe collision
[15]. Further experiments with similar setups had been
reported by Abdallah et al. [16–18] and Afaneh [19] using
Heþ-;He2þ- and Neþ- ions as projectiles and He and Ne
as targets. In the present work we focus on the He2þ; He
collision system. In addition to the rotational symmetry
with respect to the internuclear axis the electronic
Hamiltonian as well as the He2þ2 molecular states uses
by the molecular orbital approach are symmetric with
respect to the molecular center. Furthermore the mirroring
of the system at the molecular center exchanges the final
states of the SI and the TI. This feature makes this system
well suited for the analysis within the molecular orbital
approach.

2. Experimental setup

The experimental method was based on the Cold Target
Recoil Ion Momentum Spectroscopy (COLTRIMS)
[20,21]. A well-localized reaction zone of approximately
1mm3 is defined by the overlap of a collimated projectile
beam and a internal cold supersonic gas jet crossing at 908.
Perpendicular to the projectile and the gas beams the
ionized target atoms and the emitted electrons are
extracted by a weak electric field in opposite directions
onto two multi channel plate detectors. The momentum
vector of these both fragments can be calculated from the
times-of-flight and the positions on the detectors.
The gas jet consists of two stages. He at 17 bar is

expanded through a 0.03mm nozzle into the first expansion
chamber, which is at a pleasure of 10�1 mbar and pumped
by a 200m2=h roots pump. 3mm behind the nozzle a small
part of the supersonic expansion is cut out by a 0.3mm
skimmer and transmitted into the second expansion
chamber, which is at 5 � 10�5 mbar. A second skimmer of
0.4mm diameter is placed in a distance of 30mm from the
nozzle and separates the second chamber from the reaction
chamber. This setup provides a gas jet of 1.1mm diameter
at the overlap with the projectile beam. The target density
was estimated from the gas flow into the jet catcher to be
2�1011 cm�2 while the residual gas density at the reaction
chamber is 2�109 cm�3: The mean momentum of the He
atoms in the jet of 6 a.u. and the divergence of 10mrad
gives a momentum spread of the gas target of 0.07 a.u. in
the plane perpendicular to the jet direction. In the jet
direction the momentum spread was estimated from the
speed ratio [22] to be 0.25 a.u.
At the target region a homogeneous electric field is

applied perpendicular to the plane defined by the projectile
beam (z-axis) and gas jet (y-axis). This field projects the
ionized target ions and the electrons in opposite directions
on to two micro channel plate detectors with delay line
anodes aligned in the y; z plane. The electron part of the
spectrometer consists of a 13mm field region and a 26mm
drift (Wiley–McLaren condition), which are separated by a
grid of 80% transmission with 0.25mm mesh size.
The electron detector has an active area of 80mm and is

shifted by 20mm forward in beam direction with respect
to the reaction zone. Beside this shift the spectrometer is
cylindrical symmetric to the x-axis, which is defined by the
electric field direction and originated at the reaction
volume. The electric field was adjusted between

0.4V/mm and 0.8V/mm to get electrons emitted in beam
direction with 1.1 times the projectile velocity vp at the
front edge of the detector. Thereby the electron velocity
range of vp is spread over 55mm at the detector. For a
typical field of 0.6V/mm electrons with zero momentum
have a time of flight of 30 ns with a slope of the time to
velocity calibration function of 0.05 a.u. momentum per
1 ns.

The reaction time was determined either by detecting the
charge state modified projectiles with a precession of 1.5 ns
or by a trigger signal of a beam pulser with 2.5 ns pulse
length and 4MHz repetition rate. For the typical spectro-
meter field the related ðx; y; zÞ electron velocity resolution
(FWHM) is ð0:07; 0:1; 0:07Þvp for measurements with
projectile detector and ð0:08; 0:17; 0:08Þvp for the pulsed
beam experiments.

The recoil ions are created with less than 50meV kinetic
energy. Hence after passing a few cm extraction field the
ions are quasi mono energetic. Common electrostatic ion
beam optic can then be used to optimize the characteristics
of the recoil ion spectrometer. A combination of a lens and
a drift region is sufficient, to make the position on the
detector as well at the time of flight nearly independent on
the spread of the reaction volume (three-dimensional
position and time focusing [23,24]). Caused by the
acceleration of the recoil ions at the lens, which is
embedded in the acceleration field, the ratio between field
and drift region has to be larger than the factor 2 of the
Wiley–McLaren geometry, which was used for the
electrons. By using the SIMION program the geometry
of the electrodes which define the electric field had been
optimized (for a sketch of the spectrometer, see Fig. 1). The
distance between target and recoil ion detector is 355mm.
For a typical extraction field of 0.6V/mm the resolution of
the recoil momentum in the projectile beam direction (z)
was 0.2 a.u. The transversal resolution was limited to
0.4 a.u. (FWHM) by the broader momentum distribution
of the gas target in the jet direction and electronic problems
in the recoil flight times measurement.

3. Kinematics of electron transfer and ionization

The final state projectile momentum is not measured, but is
calculated from the ion and electron momenta using
momentum conservation. Therefore the kinematically
complete information is available and the energy conserv-
ation determines the electron binding energy of theHeþ ion
in the final state with an accuracy of 10 eV (FWHM). As a
consequence of the conservation laws, the change of
electronic binding energy is mainly reflected in the
longitudinal momentum of the recoil ion pz;rec: Accounting
only the leading terms of the kinetic energy, for the transfer
of m electrons, pz;rec can be calculated from the Q-value,
which is the change of binding energies (Q > 0 if the
electrons gets stronger bound) as

pz;rec ¼ �
Q

vp
�m

mevp
2

ð3Þ

(see [20,23]). Figure 2(a) shows the pz;rec distribution for
single electron capture ðm ¼ 1Þ at He2þ þHe collisions

380 Lothar Ph. H. Schmidt et al.

Physica Scripta T110 # Physica Scripta 2004



with vp ¼ 0:84 a:u: The possible Q-values of this reaction
are given by the main quantum numbers of the recoil ðnrecÞ
and the projectile ðnprojÞ ion as

Q ¼ �2:9 a:u:þ 2 a:u:
1

n2rec
þ

1

n2proj

 !
: ð4Þ

The L and M shells, which differ by 7.6 eV are well
separated and even the N shell can be identified as shoulder
at the M shell peak. The peaks at pz;rec > 1:5 a:u: are
related to single electron capture channels with simulta-
neous excitation of both Heþ fragments.
At TI and SI pz;rec has to balance also the longitudinal (z)

momentum of the free electron pz;e: Furthermore the
electron kinetic energy Ekin leads to an additional
deceleration of the projectile which has to be considered
at the momentum balance [20,23].

pz;rec ¼ �
Q

vp
�m

mevp
2

þ
Ekin

vp
� pz;e: ð5Þ

The two additional contributions to this formula, which
consider the free electron, can be merged by expressing the
electron kinetic energy in the rest frame of the projectile
E proj

kin instead of the laboratory frame:

pz;rec ¼ �
Q

vp
� ðmþ 1Þ

mevp
2

þ
E proj

kin

vp
: ð6Þ

Figure 2(b) shows for TI at vp ¼ 0:84 a:u: two well
separated areas, which can be related to the K and L
shell Heþ projectiles. The same identification of the Heþ

electronic state is possible for the SI, where the bound
electron is located at the the recoil ion. The binding energy
of the Heþ fragment was used to subdivide the TI (as well
as SI) into TI1 (SI1) for Heþ(1s) and TI2 (SI2) for those
reactions, where the bound electron is excited.

4. Results

At these low impact velocities the transverse momentum
exchange between target nucleus and projectile by far
dominates over the momentum transfer to the electron (see
discussion below and [20]). Therefore for the electron
transfer reactions as well as the electron emission the
momentum transfer to the recoil ion provides information
about the impact parameter and the energy exchanged
between the nuclear motion, the electronic binding energy
and electron kinetic energy. For the TI1, where one
electron is transferred to the K shell of the projectile,
Fig. 3 shows the recoil ion momentum distribution. Most
of the events are found at a broad distribution of

Fig. 1. Sketch of the spectrometer (the recoil ion drift region is only partly

shown): For an electrostatic field at the reaction zone of 0.9V/mm

electron trajectories had been calculated using the SIMION program. The

electrons emitted to the upper part with angles of �75�, �60,

�45�; . . . ; 75� to the beam directions have 13.6 eV energy. At the lower

part the electrons are emitted in opposite to the beam directions with 0,

0.05, 0.1, 0.15, 0.2 a.u. momentum. The small squares at the trajectories

mark the electrons positions at 2.5, 5, 7.5, . . . . ns time of flight.

Fig. 2. Recoil ion longitudinal momentum pz;rec distributions at

vp ¼ 0:84 a:u:: (a) SC at He2þ He collisions. The peaks are related to

certain final state binding energies. The peaks are labeled with (top down):

main quantum numbers of the two Heþ fragments, Q-value, pz;rec
calculated with Eq. (3). (b) Transfer ionization electron kinetic energy in

the rest frame of the projectile E proj
kin as a function of pz;rec:

Fig. 3. Two dimensional recoil ion momentum distribution

d2�=ðdpz;rec dpr;recÞ for the TI1 (bound electron in 1s state): pz;rec is the

momentum in direction of the incoming projectile beam and reflects the

electron kinetic energy in respect to the projectile frame. The sharp line

structure at pz;rec ¼ 2 a:u: is related to the autoionizing double electron

capture, which leads to electrons emitted with approximately 35 eV from

the projectile. pr;rec is the recoil ion momentum transversal to the beam

direction which is related to the inverse impact parameter.
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longitudinal momenta pz;rec between 0 and 1 a.u. There is

no obvious correlation between pz;rec and the transversal

momentum pr;rec; which reflects the inverse impact para-

meter. At longitudinal momentum above 2 a.u. the transfer

ionization with excitation of the projectile (TI2) is located

(see Fig. 2). Nevertheless also the TI1 has a sharp line

structure in this region. The well defined pz;rec of these

events indicate, that they are related to a primary capture

process with the electron emitted by a second step not

affecting the recoil ion momentum. According to Eq. (6)

electrons of fixed pz;rec have a certain energy with respect to

the projectile frame E proj
kin ; which is here approximately

35 eV. Such electron energies are much higher than those

expected for electrons emitted by the saddle point

mechanism res. the hidden crossing promotion. While

low energetic electrons are detected with 4�; the spectro-

meter accepts them only within the geometrical solid angle

of the detector. These fast electrons are produced by the

auto ionizing double electron capture (ADC) to Heð2p2Þ or
(2s,2p) [25].

Figure 4 shows the two dimensional electron velocity
distribution parallel and perpendicular to the projectile
beam. Most electrons are found at transverse momenta
pr;e ¼ me vr;e < 0:3 a:u: This is much less than the typical
momentum transfer to the recoil ion, which is mainly
caused by the nuclear repulsion. Within the semi classical
approximation the nuclear motion approximately takes
place in a plane. This plane will be used to define an
internal reference frame ðx0; y0; z0Þ of the reaction with the
z0-axis still in direction of the incoming projectiles, the x0-
axis directed into the transversal momentum transfer to the
projectile and y0 perpendicular to the nuclear scattering
plane.

The single differential cross section d�=dpr;re at
vp ¼ 0:9 a:u: is displayed in Fig. 5. The most noticeable
feature is the close similarity of TI2 and SI2, which are the
two processes leading to excited Heþ: There is no
theoretical work available, which describes this reactions
within the molecular orbital approach, but it can be
assumed, that at small inter nuclear distances TI2 and SI2
are similar to the mechanism of two electron excitation,
which was theoretically investigated by Koike et al. [26].
These authors found that the states above the 2p�u auto
ionization threshold can be populated from ð2p�2

uÞ
1�þ

g ;
which is correlated diabatically to the initial
He2þ þHeð1s2Þ state. The diabatic 1�þ

g is one of the states
necessarily needed for the description of the electric
scattering and the resonant double electron transfer by
only two molecular states. At inter nuclear distance of
0.2 a.u. it is dynamically coupled to states, which cross
diabatically the 2p�u continuum. This is essential to reach
the He3þ2 ð2p�Þ þ e� configuration, which consist of the
lowest molecular single electron state that converges to
He2þ þHeð2lÞþ at the limit of separated atoms. To the best
of our knowledge there is no similar promotion to doubly
excited stated for the ungerade part of the initial state
ð2p�u; 1s�gÞ

1�þ
u : The absence of such a promotion by the

ungerade part of the initial state causes equality of TI2 and
SI2 within the molecular orbital approach. This is founded
in the symmetry of the system in respect to the molecular
center.

The location of an electron at one nucleus requires a
linear combination of molecular states with different
symmetry. This is observed for the two channels where
the bound electron is at ground state. While at distant
collision i.e. small momentum exchange between the nuclei
the electron is perfectly found at the target (SI1) at
intermediate impact parameters TI1 dominates. For very
close collisions the ratio between these two channels is
again inverted. This oscillation structure with the impact
parameter is also known for pure electron transfer
reactions and indicates that after a hidden crossing
promotion the bound electron can end up in the 1s�g as
well as the 2p�u state.

Information about the molecular symmetry of the
emitted electron can be gained from the electron emission
pattern. Figure 6 shows the electron velocity distribution
projected onto the plane of nuclear motion. For TI1 nodal
line structure is found at the beam axis, which is the inter
nuclear axis in the initial as well as the final state. This is a

Fig. 4. Two dimensional electron velocity distribution d2�=ðdvz;e dvr;eÞ for

the TI1 (bound electron in 1s state): electrons emitted in direction of the

electron detector. The circular arc marks the locus of electrons emitted

from the projectile with approximately 35 eV.

Fig. 5. Single differential cross sections d�=dpr;rec of SI1 (full line), TI1

(dashed line) SI2 (circles) and TI2 (squares) at projectile velocity

vp ¼ 0:9 a:u:
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clear signature of a promotion mechanism via � states,
because rotational coupling can only populate the px0

orientation (nodal plane at px0 ¼ 0) of the dipole structure
while py0 is forbidden by symmetry conditions. At SI1 the
electron emission is concentrated onto the inter-nuclear
axis which indicates the dominance of � states. The
underlying physics of this striking difference in the electron
emission pattern of TI1 and SI1 can be seen by looking at
the transverse momentum exchange (Fig. 5) for these two
channels. SI1 happens mainly at such distant collisions
where rotation coupling is weak and thereby the contribu-
tion of � states is negligible.

5. Conclusion

We have shown that the main features of the experimental
observation can be qualitatively understood within the
molecular orbital approach. Despite impressive theoretical
progress in the treatment of electron transfer between
bound states in slow collision by this approach a
quantitative prediction of electron emission to the con-
tinuum has not been reached. Theoretical results, which
show the closest similarity to experimental results, calculate
the time evolution of a one-electron wave function on a
huge grid either in momentum or configuration [27,28].
These calculations are restricted to single electron pro-
blems. Fully differential experimental results are available
only for multi electron systems. For such two or more
electron systems the correlation between the final state of

the bound electron and the structure of the electron
emission pattern has to be taken into account, as we have
demonstrated here. A quantitative understanding of the
electron emission in slow collisions therefore remains a
major challenge for the future.
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